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HATIOHAL ADVISOBY COMMITTEE froA'AERONAUTICS 

ADVANCE RESTRICTED REPORT 

SOME SYSTEMATIC MODEL EXPERIMENTS OH THE PORPOISING 

CHARACTERISTICS OF FLYINO-BOAT HULLS 

By Kenneth S. M. Davidson and 7. W. S. Looke, Jr. 

SUMMARY 

This report presents the reaulte of systematic model 
experiments on the hydrodynamio characteristics of flying 
"boats, aimed primarily at developing a comprehensive view 
of the factors influencing porpoising and of their rela- 
tive importance.  The experiments "radiated" from a given 
reference ship; they embrace changes, over reasonably 
wide ranges, in the value of each of a number of variables, 
treated independently. 

The experimental results are summarized in a series 
of 26 figures, each of which gives the complete data for 
all the modifications of one variable. 

The results are further oondensed for easy reference 
in charts 1 to 3, which follow the Summary.  In these 
charts the principal portions of the summary figurcR are 
reproduced at smaller soale and are arranged in groups 
aooording to the type of the variable they represent. 
Here the relative influence of the variables is brought , 
out merely by the relative "blackness" of the charts. 

The major conclusions which follow are based upon 
the ranges of change of the variables indicated on the 
summary figures: 

1. The stability limits for a given.hull under various 
loadings and aerodynamic conditions are determined (l) 

primarily by the three variables which govern the load on 
the water In steady motion - gross load  A0,  wing lift at 
arbitrary trim angle  Z0l  and rate of change of lift with 
•' •        ••' •    ' • • '   • ~-w   •• —— — -— — • ••  • - • ••«—• —— -•••»—•  • mr» 

The oomplete set of data from whioh the figures in this 
report were prepared and on which the analyses in this 
report were made may be obtained on loan from the Office 
of Aeronautical Intelligence of the National Advisory 
Committee for Aeronautics, Washington, D. C. 



trim  Zg   and (2) secondarily by the tail damping rate 
Mqt  Increasing the water-borne load raises both limits 
without materially af footing•the width of the stable range; 
increasing the tail damping rate lowers the lower limit at 
high speeds - the magnitude of the effect being greatest, 
however, at damping rate's considerably below normal. 

2. Alterations to the afterbody, under given lending and 
aerodynamic conditions, mny niter the upper limit ind the 

p.*ak value of the lower limit in the vicinity.of the hump; 
theydo not alter the lower limit at higher BB?»d8.  ?h° 
hunp trim and the hump resistnnce in steady motion follow 
th°. variation of the meak of the low«.r limit.  Assuming a 
r°äsonäble length, the most powerful afterbody variable is 
the angle between a prolongation of the forebody ke°l and a 
line joining the tip of the m»in step with the tip of th» 

•stern post.  Increasing this angle raises the hump trim nnd 
resistance and the upper limit of stability; if carried far 

• enough, it will suppress uppar-limit por-noioing at high 
speeds.  Increasing the step height «*lso suppresses upper- 
limit porpoising at high speeds. 

3. Alterations to the forebody, under giv=>n loading and 
aerodynamic conditions, may alter both limits but.te.nd 

to affect principally the low=r limit at high spe=ds.  If 
sufficient forebody length to provide flotation and to pre- 
vent diving at low speeds is assumed, the most powerful 
forebody variable is the amount, of waning-of the bottom 
in the region just.ahe"-d of the main step.  Increasing the 
warping lowers the lower li^it. at high speeds but rnises 
the hump resistance. 

U.  Finally, AS a tentative, v>ry brond conclusion:  Hone 
of the modifications considered in the experiments WAS 
sessful in eliminating completely either upper-limit or 

modifications were mainly- variations on a giv=.n parent 
form. It follows that_^ny significant improvement in both 
porpoising and resistance characteristics must depend upon 
improving the basic parent form of the hull. 



NACA CHART    1 CROUP    T. - WEIGHT AND  INERTIA  LOADING 
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INTRODUCTION 

Porpoising 1B a self-sustaining oscillatory motion 
in the vertical longitudinal plane, whioh occurs at plan- 
ing speeds.  It can originate in an instability of the 
uniform longitudinal motion in smooth water and does not 
depend for its persistence upon any system of periodlo 
disturbing forces such, for instanoe, an is provided by 
head seas.  In the words of one test pilot, "It is always 
unpleasant and it may be catastrophic." 

Observations of porpoising show that there are really 
two prinoipal oscillatory motions (l) a vertical oscilla- 
tion of the center of gravity and,(2) an angular oscilla- 
tion about the center of gravity.  These two motions are 
seen to have the same period but to differ in phase.  The 
nec.esBary energy to sustain porpoising must evidently be 
drawn from the horizontal propelling force, there being 
no other possible source.  The average water resistance 
must therefore be greater than for steady motion under the 
same conditions if the Bpeed is held constant, or the av- 
erage speed must be less if the propelling force is held 
constant.  In the latter event, an oscillation in the hor- 
izontal speed may be added to the two motions described 
above, but this is usually small and may ordinarily be 
disregarded. 

Two main classifications of porpoising are distin- 
guishable with hulls of conventional type: 

(1) Low angle or "lower-limit" porpoising, which 
occurs at relatively low trim angles, is clearly at- 
tributable to instability of the forebody planing 
alone and is largely uninfluenced by the afterbody 

(2) High angle or "upper-limit" porpoising, 
whioh oocurs at relatively high trim angles, is 
clearly attributable to interaction between the 
forebody and afterbody and is influenced in important 
respects by changes in the afterbody form 

"limits of stability."  The objective in designing is t< 
eliminate porpoising or,.failing this, to widen ae muoh 
as possible the range of stable trim angle* between the 
two limits« 



Porpoising phenomena have bee-n studied "by th°orpti- 
eel Analysis of the conditions for stability, starting 
from the basic equations of motion (references 1 and ?). 
To date, this, approach has failed to advance materially a 
detailed understanding of the phenomena, and- it reauires 
so much time-consuming labor a? to render its -practical 
application in individual cases nearly prohibit iv«. 

Most of what is now known about ^orroising has been 
learned through model experiments conducted with due re- 
gard to the dynamic requirements.  The inhpr°nt dnnpir to 
the actual ship limits the sco^a of systematic experiments 
on porpoising at full scale, and mod°l experiments have 
the additional advantage that the test conditions cnn be 
more accurately controlled and the tpst results therefore 
more readily interpreted.  Sufficient evid»nc«* exists to 
indicate satisfactory correlation bet-ween shit) and model 
porpoising in basic respects. 

Because of the inherent, dang?'' to the shit) and the 
consequent need of advance warning on •oorpoisinp charac- 
teristics, mcdel experimento in the past have tended to 
place the emphasis on predicting the characteristics of 
individual designs rather than on developing a brocd pic- 
ture of the influence and relative importance of th« var- 
ious factors involved.  The latter point of view was 
ado-oted for th? investigation which forma ths subject of 
this reuirt.  In addition, through simplification of the 
testing procedure nnd the use of an unusually small roodpl, 
the experimental work h»3 bo;>n uat^ri'lly pcc°lerated so 
that considerable ground cnn be covered in a short tim°. 

The experiments followed ° -orogrem designed "orimarily 
to gain perso=ctive, and considerable attention has been 
given to presenting the test results in SIETJIP form.  Only 
the basic r-omoising ch«T«ct°ristics are considered; namely, 
the UVOPT   and lo^er limits, as these would be determined in 
an actual ship by respectively raising or lowering the trim 
angle from a mean value in the stable range.  Variations, 
particularly of the high-angle tyoe of morpoising, are known 
to exist; these h-tve been disregarded for the present in the 
interest of clarifying the basic tynes. 

The werk was undertaken with the financial assistance 
of the national Advisory Committee for '-proneut ics.  The 

•orogram originally laid out was to parallel similar work 
contemplated by them.  In the course of two years the •oro- 
gram has been ex-nand°d considerably «long independent lin°s. 



SCOP?. OT IHVBSTIGATIOIT 

It is. the purüode of'tbie reuort- to present -tin-re- 
sults of .certain systematic model »x-n«»riments on flying-- 
boat hull 8.-  Porx>ois.ing ch°racteristics and steady-motion 
resistances *re considered, but th*> principal emphasis is 
on the porpoising characteristics.  The experiments radi- 
ated from a given flying 'boat, taken as a "basic point of 
departure.  The reference shi-o us <*d was the XPB2M-1, a 
representative modern design having, for n gross weight 
of lM-0,000 pounds, ewing loading  A0/s  of 38.0 pounds 
per square foot, and a be»»m loading  A0/wb

3  of 0. S9. 
lach of a number of variables was altered, separately 
from the ethers as far as possible, over a range of val- 
ues embracing tit9 normal value for the refircnoe shlu and 
intended to be wide enough to cover all values likely to 
be encountered in practice.  The advantage of this proce- 
dure is -that it materially simplifies the problem of co- 
ordinating tsst results.  It does not necessarily restrict 
the anplicnbil ity of the results to *th = reference 3hip - 
provided that the ranges of change of the variables are 
sufficiently wide. 

Th 
into wb 

e radiating chart (fig. l) shows the thre° groups " 
ich th« variables fell naturally: 

Grouu I   - rfeight and Inertia loading 
Group II  - Aerodynamic Conditions 
Grouu III - Hull Form 

and also the eomror.?nt variables of each grouf; which h«ve 
been covered, to date, by the "xtiariirente.  Tt will be 
seen that the last grouTJ is subdivided irto 

Group IIIA - Afterbody Form 
Group ITIF - F-orebody Form 
Group IIIH - Hull Form (As a Whole) 

The dimensions and particulars considered as "normal" 
for Bhip and model (l/30 aoale) are given in table I. The 
basic hull lines are shown in fi«rure 2. 

-Condensed summary figures of test results (figs. 6 to 
30) include all the pertinent data; all conclusions or 
generalisations are bas?d on the ranges of change of the 
variables which they show.-  Had the ranges of changed 
been extended ?.ad abfcurdum, n scdn of •' the conclusions and 
generali?etion8 would undoubtedly have been altered. 
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TEST METHOD 

Teste of a dynamic model, complete with wings and 
tail surfaces, are a recognised method of investigating 
the-porpoising characteristics of individual flying-boat 
and seaplane designs (references 3 and 4).  Difficulties 
inherent in this method are 

(l) That the magnitudes and the influence on 
porpoising of the separate aerodynamic and hydrody- 
namics components of the variableP involved are not 
easily evaluated 

(3) That scale or interference effects may 
easily prevent accurate reproduction-of the full- 
size aerodynamic forces and moments 

(3) That the time and cost involved in construct- 
ing and altering models is high 

The method used in the present investigation was de- 
signed to overcome these difficulties as far as possible 
and to permit direct studies of the hydrodynamic charac- 
teristics under rigidly controlled "aerodynamic11 condi- 
tions.  A dynamic model of the hull is used without wings 
or tail surfaces.  The equivalent of the aerodynamic 
forces and moments are applied "by 

(l) A calibrated hydrofoil for lift forces and 
force derivatives 

(S) A calibrated spring and a calibrated dash- 
pot for aerodynamic moments and moment derivatives 

All these are readily adjustable to produce magnitudes 
corresponding to any desired air structure. 

DESCRIPTION 07 APPARATUS 

A diagrammatic sketch and a photograph of the appa- 
ratus used in the porpoising experiments are shown in fig- 
ures 3 and 4, 

The main frame in fitted With vertical tracks guided 
by rollers so that it is free to move vertically but 
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otherwise reatrained with respect to the towing carriage 
of the tank.  She model is attached to the forward end of 
this frame through pivots at the oenter of gravity whioh 
allow freedom in pitch; the after end of the frame carries 
the supporting column for a hydrofoil.  This frame-trans- 
mits the lift of the hydrofoil to the model; its weight, 
with all the attachments moving with it, is a part of the 
gross weight of the model. 

The walking "beam, pivoted on the main frame, changes 
the angle of attaok of the hydrofoil in proportion to 
changes in the angle of trim of the hull.  Through the de- 
sign of the hydrofoil itself, and hy means of the adjust- 
ments provided, the aerodynamic lift oan "be made to corre- 
spond to prescribed values of 

ZQ  lift at arbitrary trim angle  (l<0) 

ZQ  rate of change of lift with trim angle  (dL/dT) 

Zw  rate of ohange of lift with vertical velocity  (dL/dw) 

A torsion spring, mounted in the axis of the model 
pivot, is provided with the necessary adjustments for mak- 
ing the resultant aerodynamic moment correspond to pre- 
scribed values of 

MQ  moment at arbitrary trim angle  (KQ) 

HQ  rate of ohange of moment with trim angle  (dM/df) 

The dashpot shown is provided with a number of cali- 
brated pistons which, together with adjustment of the 
radius of action, provide for making the aerodynamic tail 
damping moment correspond to prescribed values of 

MQ  rate of ohange of moment with angular velocity  (dM/dq) 

The following two aerodynamic derivatives are neg- 
lected in thiB arrangement of the apparatus: - 

Zg  rate of change of lift with angular velocity  (dL/dq) 

Mw  rate of ohange of moment with vertical velocity  (dM/dw) 

A series of special tests described later, oonfirmed the 
assumption made in designing the apparatus that these two 
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derivatives probably had negligible effects on the stabil- 
ity limits. 

The drive gear of the Stevens Tank is arranged to 
provide a series of fixed, reproducible speeds. A de- 
scription of the tank will be found in reference 5. 

TEST PROCEDURE 

All tests were made at constant speeds and in sub- 
stantially still water.  It is considered that tests at a 
steady speed are more likely to bring out porpoising tend- 
encies than accelerated tests, because they allow time for 
any instability to develop.  In alloasen in which propois- 
ing ooourred, a steady-state oyole was developed after a 
very few initial transient cycles.  It was found that the 
transient cycles depend upon the amplitudes of the initial 
disturbances whioh start porpoising, as compared with the 
steady-state amplitudes, a larger number of transient 
oycles oocurring when the initial disturbances are rela- 
tively small and a smaller number when the initial dis- 
turbances are relatively large. 

The amplitude of the final steady-state cycle is 
largely unaffected, however, by the magnitude of th.e ini- 
tial disturbances and is therefore a convenient measure 
of the inherent porpoising tendency under given condi- 
tions.  The principal requirement in testing is that the 
initial disturbances shall be sufficiently severe to in- 
sure' development of the steady state within the limits of 
the test run.  To this end the model is accelerated rapidly 
in a distance equal to about three or four time? its own 
length. 

The tests under each combination of hull form, aero- 
dynamic conditions, and loading followed the same basic 
program.  In detail: 

(l) Tests were made at each of a number of fixed 
speeds, covering the range from a little below the 
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hump to get-away in approximately equal steps. 

(2) At each speed, tests were made with varia- 
tions of the applied moment (corresponding to result- 
ant aerodynamic moment), covering a range sufficient 
to produce trim angles embraoing the upper and lower 
stability limits, as•ordinarily defined.  The moment 
setting '(Corresponding to elevator setting) was not 
altered during the course of any one test. 

(3)' At each speed and applied moment, a test 
was made with each of three values of the tail damp- 
ing  dM/da  corresponding consecutively to one-half, 
one, and two times the normal value given in table I, 
unless stability occurred with less than the maximum 
of these values.  In the latter event no further 
tests were made.  When the maximum value failed to 
cause stability, an additional tent was made with a 
large excess of tail damping to define the steady- 
motion attitude. 

(4) The teat8 with normal particulars were made 
first and were carried out very completely.  In the 
later tests with modified particulars, certain cases 
were omitted which the first tents had shown to be 
relatively unimportant. 

(5) Graphical records were made of the steady- 
state, fully developed, porpoising cycle for all 
tests in which propoislng occurred. 

(6) The-stability limit is arbitrarily defined 
as the trim at which the total sweep in trim angle 
during porpoising (that is, the double amplitude) is 
3°.  This definition is of greatest significance in 
connection with lower-limit porpoising, where the 
amplitude tends to blow up progressively; in the 
case of upper-limit propoislng, which tends to start 
suddenly and may often consist principally of verti- 
cal motion, an arbitrary definition of the stability 
limit is largely unnecessary. 

The limits shown in the charts are for normal 
tail damping, and are lifted from auxiliary chart* 
of the sweep measured on the graphical records 
against the steady-motion trim angle, at constant 
speed. 
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ACCURACY 

The Bccuracy of the readings from the various Dirts 
of the "D-naratus and toiing g*>ar has "been checked by fre- 
quent calibration, ind it is believed that the values 
used in preparing the curves «re correct within the fol- 
low'ng limits: 

Speed, foot tier second  ±0.01 
Resistance, pound   ............. ±0.01 
Trim, degree  ±0.3 
Trimming momant, -pound-inch  ±0.1 
Displacement, ^ound  ±0.05 

The models were very carefully constructed and it is 
"believed th°t the average deviation from the lines was not 
more th-n ±0.01 inch.  Sp3Ci.il csr» was tak°n to -oroduce 
sharp edges *t the st°p °nd chinas and to avoid any sim.ll 
local irregularities.  Ths models tf=re made of white -nine 
and covered with four coats of spir varnish rubbed down 
to a very smooth finish with wet san^uaper "between coats. 
The averse length of time required to construct a model 
was a^out Ug man-hours with in "dditional g man-hours for 
setup TJr^paratory to testing. 

TEST HSSUITS 

The graphical records of the t°st rasulta wer° 
mounted directly on large charts, one for pa'ch sat of 
particulars.  One of these large charts, for the refer- 
ence shit», h°s laan sufficiently r°duc°d in sic» to per- 
mit-including it in this ra-nort and is shown as figure 5. 
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This type of chart is considered an important presentation 
of the results because it provide« a complete comprehen- 
sive view of- all the porpoising characteristics under a 
given set of particulars and not merely of the stability 
limits. 

Description of Large Chart - One for 

Each Series of Vests (fig. 6)* 

(1) The ordinates are trim angles that are meas- 
ured from the base line, which makes an angle of 2° 
with the forebody keel; the abscissas, speeds. 
Speed scales are given for model and ship speeds and 
for the speed coefficient  C7,  The Stevens Tank 

speed numbers for the various fixed speeds at which 
tests were made are given at the foot of the vertical 
lines drawn at these speeds. 

(2) The graphical records of porpoising are 
placed on the chart with the small cross, which in- 
dicates the steady-motion attitude, at the height of 
the observed trim and longitudinally to the right of 
the vertical speed line, on this line, or to the 
left of it, depending upon whether the tail damping 
was one-half, one, or two times the normal tail damp- 
ing, respectively.  Values of the tail damping are 
Indicated at the tops of the vertical speed lines. 

(3) A circle with alternate quadrants blacked 
indicates that a test was made but that the motion 
was stable. 

(4) The records are placed on their sides, so 
that increasing heave corresponds to progression 
toward the left of the chart and increasing trim, 
progression toward the bottom.  The short horizontal 
and vertical lines, respectively above and to the 
right of a record, indicate zero trim angle and zero 
heave from the static flotation corresponding to 
140,000 pounds in the ship. 

(5) Notes 'are given defining the -ranges of trim 
angles within which the forebody or afterbody was 
observed to be "wet" or "dear." 

•This description 
of these charts, 
have been omitted. 

applies particularly to the larger size 
In reducing, for fig, 5, certain detaili 
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(6) The three curves rflwpaent th» fre«-to-trim 
track* for the hull In steady motion, the iroT)<»r sta- 
bility limit, and the lower at^bility limit. 

(7)' The at«»bility limit is arbitrari: y defined 
aa th° trim at which th9 total B'**»eD in trim angle 
during porpoising is 2°.  The limits shown are for 
normel tail damping end are lifted from auxiliary 
charts of triip swee-n, aa measured on the graphical 
records, plotted against steady-motion trim angle «t 
constant speed. 

In order to permit readv eonroarison of the t*»st re- 
sults, the stability limits have been taken off the lerge 
charts described above and presented in the form of sum- 
mary figures, each of which shows the stability limits 
for all the modifications of one variable.  These summary 
figures constitute the princiral presentation in this re- 
port : 

Description of Summary Figures - One for All Modifications 

of Each Variable (figs. 6 to 30) 

Trim ingle against apeed (at the tov) 

Included are: 

Stability Holts (for 2n   oscillation) - 
solid curves cross-hatched on 
unstable side 

Free-to-trim tracks - 
center-lire curves 

Take-off trim tracks - 
dashed curves 

Rpsist.-yice against speed (in th» middl») 

Free-to-trim raaistnncas 
^ —_——  __  _____ —  _ _____ __ 

The trim track corrasuondin? to reaultant aerodynamic 
momenta about the enter of gravity equel to zero, aa ob- 
tained by interpolation.  It is for tha hull, alnn«», and 
not for the complete airplane. 
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Applied moment and resistance against trim (at the 
"bottom) 

Cross plots at four fixed speeds Indicated 

DISCUSSION 07 RESULTS 

The effects of each variable or modification covered 
by the tests are discussed below in some detail.  It Is 
intended that reference be made, in following the discus- 
sion, to the summary figures described in the preceding 
section. 

It has been mentioned previously that the aim in lay- 
ing out the program of experiments was to change only one 
variable at a time, thereby isolating its effects.  Natu- 
rally the program was not entirely successful in this re- 
spect; in certain cases, two or more of the variables 
listed were found to constitute essentially the same 
change from a hydrodynamic point of view.  Where this is 
clearly the oase, it is noted in the discussion. 

Group I - Weight and Inertia Loadings (Chart 1) 

(l) Modification of gross weight (fie;. 6) 

120,000 pounds 86 percent 
140,000 (normal)  100 
160,000 114 
300,000 143 

Porpoising.  Increasing the gross weight moves the 
range of stability in the direction of higher trim 
angles and leaves the width of the stable range vir- 
tually unaffeoted.  The speeds at which porpoising 
starts are delayed by increasing the gross weight, 
and the free-to-trim track is shifted to higher trim 
angles in the vicinity of the hump.  The free-to-trim 
track tends to cut across the middle of the stable 
ranges for all gross weights. 

Resistance.  Not investigated (except for the normal 
oase). 
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(2) Modification of moment of inertia (fig. 7) 

0.816 x 10* slug-feetB 60 percent 
I.366 (normal)  100 
1.716 126 
2.0^9 150 

Por-noislng.  IncraasiDg the moment of inertia re- 
duces very slightly the range of stability at low 
speeds.  The -orincip^l consequence of increasing 
themomsnt of inertia is to increase the "^onjoising 
amplitudes und°r otherwise identical conditions. 
The -norpoisinp frequency is reduce* also, aTjTirnxi- 
matelyin proportion to the increase in the recin- 
roc.°l of the square root of th» radius of gyration. 

Beslqtance.  This modification could not affect the 
resistance. 

(3) Modification of longitudinal position of center nf 
gravity (fig. ?) 

87 inches forward of step        53-7P«rcent team forward of step 
70 (normal) 43.2 
50 30.8 

The center of gravity was shiftsd by altering the 
location of the model pivots and r e'bellast ing. 
Since the hydrofoil lift is a-o-olied through the 
model pivots, this procedure is equivalent tn alter- 
ing the cent°r of gravity and tha wing position si- 
multaneously and does not introduce an additional 
moment due to lift. 

Porpoising.  Shifting th° center of gravity either 

forward or aft has only a vpry slight effect on the 
range of stability at moderate speeds.  The •princi- 
Dal consequence of shifting the center of gravity is 
to shift "bodily the curves of npplied moment, the 
reault "being that a different moment is required to 
produce the same trim angle in steady motion.  As 
would he expected, the reauirod chenge in mj-olied 
moment is eaunl to the net w*»ipht on the wat°r times 
the shift of the center of gravity and the wing, 

Resistance.  Sot investigated for the free-to-trim 
condition (»xcent for the normal cese). 
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Group II - Aerodynamic Conditions (Chart S) 

(l) Modification of win* lift  20  at T <= 5°(fig. g) 

U.S3 v_  pounds 67 percent s 

6.95 vfl
a (normal)   100 

9.27 vB
S 133 

Changing the-wing lift was accomplished by changing 
the angle "between the normal hydrofoil end the hull 
"base line.which simulates * change in the incidence 
of the wing.  This left  dL/dT and  dl/dw- unchanged, 

E-orpoising.  Increasing the wing lift makes the sta- 
ble rang9 appreciably wider, chiefly by lowering the 
lower limit at moderate sreeds.  The largest lift 
tested prevented upr,er-limit porpoising at hi?h 
spends.  Increasing the lift low«»rg the fr?°-to-trim 
track it moderate speeds just above the hump, so 
that its relation to the lower limit of stability is 
virtually unaffected. 

Resi stance.  Sot investigated. 

(2) Modification of win*r lift rate  ZQ  (fig. 10) 

0.3W+ vB
3 pounds tier degree 7^ TTcent 

0.45? v8
3 (normal)  100 

0.667 vs
a 150 

Changing the wing lift rate was accomplished l' al- 
tering the hydrofoil siae.  This produced a corre- 
sponding change in the value of  dL/dw.  The lift at 
T = 5°  was unchanged from the normal lift in all 
cases.  (In later tests, described below,  dL/dw 
was changed Independently.) 

Porpoising.  Increasing the wing lift rate has prac- 
tically no effect on the stability limits at moder- 
ate speeds and decreases the range of stability very 
slightly at high spends.  The free-to-trrim .track is 
unaffected at moderate speeds ,1ust over the humr. 

Hesistance.  Hot investigated. 



20 

(3) Modification of vertical velocity damping Zy     (fig. 11) 

0.458 v8 pound-seconds per foot  (normal)  100 percent 
O.916 vB 200 

By means of a specially constructed dashoot which was 
attached to affect only the heaving motion, the rate 
of change of lift with vertical vslocity was doubled. 
This chanpe in the apparatus is shown in the second 
sketch in figure 31.  Th« t»sts were limited to thr*»e 
speeds and to normal tail damping. 

Pomoislng.  Study of the nomoising cycl=s on th° 
graphical records f^ils to reveal any atmreciable 
differences when  dL/dw  is doubled. 

•Resistance.  This modification could not aff»ct the 
resistance. 

Hote. The resultant aerodynamic moment  M0  is altered in 
the course of each spries of tests and is not nrop°rly 
considered an independent variable. 

(4) Modification of tail moment rate  Me  (fig. 12) 

0.98 va pound-feet per degre.e 71 percent 
1.37 va (normal)   100 
2.05 va 150 

£jprpoi3ing.  Increasing the tail moment rate has» no 
noticeable effect on either stability limit or on the 
range of stability.  The largest moment rate used n.p— 
preciably reduced the siee of the steady-state cycles 
in lower-licit porpoising at high speeds, and there 
was also a tendency to suppress up-ner-liirii t porpoising 
at very high speeds. 

Resistance.  This modification could not affect the 
resistance. 

(5) Modification of teil damping rate  Mq  (fig. 13) 

0    x 10 vs T>ound-f oot-s °conds -oer radiin   0 percent 
2.02 vB 25 
4.05 va 50 
g.10 va (normal) 100 

16.2 va 200 
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Porpoising.  Increasing the damping due to the hori- 
• zontal tall surfaceB lowers the lover limit at all 
speedsf the amount increasing with speed from nearly 
aero at the speed at which lower-limit porpoising 
starts to a very large amount at high speeds;  at a 
given high speed, the effect on the lower limit pro- 
gressively decreases as the tail damping is increased. 
Increasing the tail damping has no appreciable effeot 
on the position pf the upper limit hut has a tendency 
to delay the speed at which this type of porpoising 
starts.  The largest damping used (twice normal) pre- 
vented upper-limit porpoising in the region of get- 
away speeds. 

It is worth noting that, at 19 feet per seoondj mod- 
el speed (about 70 mph ship speed), upper-limit por- 
poising freauently oould not be suppressed With 20 
times the normal tail damping and occasionally 80 
times was not sufficient«  In a few instances, lover- 
limit porpoising was not entirely suppressed with 20 
times the normal damping. 

Resistance.  This modification oould not affect the 
resistance. 

(6) Inclusion of phase angle between  q. x M„, and q (figj 14) 

0° lagging (normal) 
15° 
25° 
36 o 

It had been suggested that, in the full-size airplane, 
there might be a time lag between the pitching Te- 
locity and the pitch damping moment produced by the 
tail.  Speoial tests were therefore run to investi- 
gate this matter.  The phase angle was introduced by 
putting a small calibrated spring between the dashpot 
piston and its piston rod.  Tests were run at approx- 
imately the three lagging phase angles Bhown above, 
at each of three speeds, and with various values of 
the tail damping rate. 

Porpoising.  The test results showed that the great- 
est of the lagging phase angles considered was the 
only one which had any noticeable effeot whatever 
and that its only effect was to raise the lower limit 
very slightly at the lowest speed investigated. 
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In order to make as draatio a change as possible, the 
afterbody was removed.  Tor these tests, the model of 
the forebody alone was set up with an outrigger which 
permitted' "ballasting to keep the oenter of gravity in 
the same location with respect to the forebody and to 
keep the moment of inertia about the oenter of gravity 
the same as for the complete hull.  This outrigger 
was plaoed high enough so that, in general, it was 
clear of the water. 

Porpoising.  The tests of the forebody alone show 
very clearly that the lower limit is attributable to 
the forebody and that an upper limit does not exist 
when the afterbody is removed.  At moderate speeds 
(just beyond the hump), the afterbody keeps the trim 
angle down and prevents lower-limit porpoising; at 
all higher speeds, the lower-limit porpoising is unin- 
fluenced by the presence or absence of the afterbody. 

Resistance.  Bemovlng the afterbody decreases the 
resistance at high speeds in the region where an 
afterbody would ordinarily be wetted by spray oomlng 
off the forebody.  In the region of the hump, remov- 
ing the afterbody allows the trim to increase and 
large increases of resistance result.  Also, the 
water load otherwise carried by the afterbody must 
be carried by the forebody.  The forebody therefore 
rides deeper in the water, causing an additional in- 
crease in resistance. 

Remarks.  These experiments suggested the concept 
that the forebody and the afterbody are essentially 
separate parts of the hull, serving different pur- 
poses, and that to a considerable extent modifica- 
tions of each may be studied independently of modi- 
fications of the other. 

A comparison between the characteristics of the com- 
plete hull and those of the forebody alone reveals, 
in particular, 

(a) That the afterbody is useful only in the 
lower half of the speed range to take off 
and that its presence at'higher speeds is 
entirely detrimental 
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that, at rest and at "displacement" speeds, 
it provides flotation 

that, at moderate speeds up to the hump, it 
controls trim and resistance and prevents 
lower-limit porpoising 

that, at planing speeds, it is the direot 
cause of upper-limit porpoising and some- 
what increases resistance 

(b) That the forebody is entirely self-suffi- 
cient at planing speeds and needs no help 
from the afterbody 

These indications suggest clearly that the forebody 
1B the main hull and that the afterbody is an append- 
age, the function of which is to control trim (by 
providing nosing-down moments) until true planing of 
the main hull ig established. 

(2) Modification of afterbody angle (fig. 17) 

2°  between forebody and afterbody keels 
3° 
4o 
5° 
6° 
7° (normal) 
9*° 

12° 

The afterbody angle was increased by rotating the 
afterbody at the model deck and shifting it verti- 
cally so that the step height was unchanged; it was 
reduced by rotating the afterbody at its keel, leav- 
ing the step height unchanged. 

Porpoising.  Increasing the afterbody angle raises 
the lower limit at moderate speeds'and causes' it to 
start at a slightly lower speed but has no appreci- 
able effect on the lower limit at high speeds; the 
upper limit is raised and, with the two greatest 
afterbody angles, the upper limit is suppressed at 
high speeds.  Reducing the afterbody angle lowers 
the lower limit at moderate speeds and shifts its 
starting point to progressively higher Bpeeds but 
again has no effeot on the lower limit at very high 
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speeds.  The upper limit is lowered at all speeds- 
and its starting point shifted to progressively 
higher speeds.  With afterbody angles less than nor- 
mal, the high-speed upper-limit porpoising beoomes 
increasingly violent as the angle is reduced. 

Resistance.  The afterbody angle for optimum hump re- 
sistance appears to he about s4° for this, hull; with 
angles greater or less than this the hump-resistances 
are considerably increased.  This Is consistent with 
the findings of reference 6 in a general way.  At 
very high speeds, the optimum trim and resistance are 
not particularly affected by afterbody angle. 

(3) Modification of afterbody length (fig, 18) 

2.25 timed beam at main step 
2.76 (normal) 
3.25 

The afterbody length was altered by applying a con- 
stant multiplier to the station spacing and moving 
the stations in or out along the afterbody keel. 
Thus the afterbody angle and the step height were 
unohanged. 

Porpoising.  Decreasing the afterbody length raises 
the upper limit slightly and has only a very small 
effect on the lower limit at moderate speeds just 
past the hump; the speed range over which the free- 
to-trim track passeB below the lower limit is 
lengthened slightly.  The shortest afterbody tested 
stopped high-speed upper-limit porpoising in the 
present instance.  The effects are generally similar 
to those resulting from modifying' the afterbody 
angle. 

Resistance.  Only the free-to-trim resistance was in- 
vestigated in this case.  Increasing the afterbody 
1-ength lowers the hump resistance somewhat.  The 
shortest afterbody used had a very high resistance 
peak Just before the true hump, though this presum- 
ably might have been eliminated by relocating the 
tail cone. ..,.,. 
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(4) Modification of afterbody chine flare (fig. 19) 

Chine flare removed 
Normal 
Extended 

The normal afterbody chine flare enda abruptly, form- 
ing a partial step a little forward of the stern 
post.  Two modifications were tried (l) extending 
the chine flare aft so that it washed out at the 
stern poet (2) removing all the chine flare. 

Porpoising.  Extending the afterbody chine flare 
lowers the lower limit very slightly at moderate 
speeds and leaves the upper limit praotioally unaf- 
fected.  Removing the afterbody chine flare raises 
the lower limit slightly at speeds Just beyond the 
hump and raises the upper limit slightly, and pre- 
vented high-speed upper-limit porpoising in the 
present tests. 

Resistance.• Removing the afterbody chine flare 
causes a high peak in the resistance before the true 
hump and slightly increases the true hump.  The very 
high peak appeared to result from water clinging to 
the afterbody sides and running up the tail cone. 
Removing the afterbody chine flare had almost no ef- 
fect at high speeds.  Resistance tests were not run 
with the afterbody chine flare extended. 

(5) Modification of height of main step - first series 
(fig. 20) 

1 percent of beam 
3 
5 (normal) 
7 

The step height was altered in this series by shift- 
ing the entire afterbody vertically with respect to 
the förebody. 

Porpoising.  Increasing the step height in this way 
raises the lower limit at moderate speeds just past 
the hump but has no appreciable effect at higher 
speeds.  The upper limit is raised at all speeds and 
upper-limit porpoising at very high speeds is sup- 
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pressed.  When the step height is decreased, the vio- 
lence of the high-speed upper-limit porpoising is 
progressively increased until, with the lowest height 

.-tried, this type" of porpoising' is exceptionally vio- 
lent in the region of get-away. 

Hesistanoe.  Only free-to-trim resistance was-inves- 
tigated.  Increasing the step.height • slightly in- 
creases the hump resistance and reduces the high- 
speed resistance. - These indications are .consistent 
with those found in reference 7. 

(6) Modification of height of main step - second series 
(fig. 21) 

1 percent of beam 
5 (normal) 
9 

13 

The step height was altered in this series "by rotat- 
ing the afterbody about the intersection of the 
afterbody keel and the stern post in the normal hull. 
Thus the position of the stern post was unaltered. 
The tests were carried to a greater maximum step 
height than in the first series. 

Porpoising.  Increasing the step height in this way. 
has practioally no effect on the lover-limit at any 
speed or on the position of the upper limit.  The 
step heights greater than normal again suppressed the 
high-speed upper-limit porpoising and the 1 percent 
step height gave exceptionally violent high-speed 
upper-limit porpoising. 

The position of the free-to-trim track Just past the 
hump is not affected when the step height is altered 
in this way. 

Hesistanoe.  Increasing the step height has practi- 
cally no effeot on the true hump but decreases the 
peak before the true hump.  At very high speeds the 
resistance appears to be slightly decreased by in- 
creasing the step height to greater than normal. 

(7) Modifications of afterbody dead rise at stern post - 
no ohine flare (fig. 22) 
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-10° dead -rise  at   afterbody   stern poet 
0° 

10° 
30° (normal) 
30° 

She afterbody was warped by leaving the dead rise at 
the main step unchanged and altering the dead rise 
at the stern post; the buttock* were kept straight 
lines.  She step height and the angle of the after- 
body keel were unaltered.  Ho afterbody chine flare 
was used, 

Porpoising.  Decreasing the afterbody stern-post 
dead rise has practically no effect on the lower 
limit at any speed but lowers the upper-limit at all 
speeds.  Possibly because of the absenoe of after- 
body chine flare, the high-speed upper-limit porpois- 
ing was suppressed in all cases.  The stern-post dead 
rise whioh causes the greatest suppression of the 
hlgh-Bpeed upper-limit porpoising was found to be 
about 10°.  TroB the standpoint of upper-limit por- 
poising, stern-post dead-rise angles between 10° 
and 20° appear to give the best all-round results* 

Resistance.  Decreasing the afterbody dead rise at 
the stern post causes an appreciable decrease of the 
discontinuity that appears before the hump.  The 
true hump resistance is also lowered but to a muoh 
lesser extent.  At very high speeds, the resistance 
is not altered materially, but 10° dead rise appears 
to be about the best angle. 

(8) Ventilation of main step for step height of 1 percent - 
rough preliminary trial (fig. 23) 

Ho ventilation"!   st  height x percent beam 
Ventilation  J * 

Ventilation of the main step was accomplished by 
shifting the afterbody (set for 1 percent step 
height) aftward along its keel by 5 percent of the 
beam and leaving open the gap thus caused.  The 
afterbody angle remained unchanged from the normal« 
The tests are looked upon as very preliminary in 
nature. 
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Porpoising.  Tentilating the aain step in this way 
raises the upper limit slightly and entirely sup- 
presses high-speed upper-limit porpoising.  The 
lover limit was not investigated. 

The effeot of this ventilation, even though impos- 
sible to construct from a practical viewpoint, is 
remarkable in that it suppressed entirely the very 
violent high-speed upper-limit porpoising (the most 
violent yet e*«ountered) which occurred with an un- 
ventilated 1 percent step. 

Resistance.  Hot investigated. 

öroup IIII - Forebody ffora (Chart 3) 

Drawings of modifications are shown in figure 83.  The 
manner in which the various modifications were car- 
ried out should be especially noted. 

(l) Modification of forebody form - first series of warp- 
ing (fig. 24) 

Constant section (minimum warping) 
Hormal fereboiy 
Linear dead-rise variation (maximum warping, 

dead riee ehanges 9.7° per beam forward of 
.     step) 

The first forebody in this group had the same length 
as the nornal forebody, but all the sections of the 
normal forebody were compressed into the forward 
half.  The after half had the- uniform seotion found 
at.the main step in the normal hull. 

The third model was constructed with a linear varia- 
tion of dead rise from the foiepoint to the main 
step.  The step section, the profile, the chine plan 
form, and the dead rise near the forepoin.t were un- 
altered. 

Both models were tested with the normal afterbody. 
These models may be considered as belonging to a 
group in whioh warping of the forebody bottom near 
the step is the variable, the change of warping 
being small between the first and the normal models 
and large between the normal and the third models« 
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Porpoising.  Inoreased warping of the forebody "bot- 
tom lovers the lower limit very materially at all 
ezcep't the very lowest speeds and very slightly 
lowers the upper, limit at all speeds.  At hump 
speeds, Increasing the warping of the forebody hot- 
torn has no great influence on the free-to-trim track 
hut lowers it materially at higher speeds. 

. Resistance.  Increasing the forehody warping in- 
creases the hump resistance appreciably, and also in- 
creases the resistance at high speeds when' the after- 
hody is clear.  This is consistent with the' findings 
of referenoe 8. 

(2) Modification of forehody warping - second' series 
(fig. 25)  • 

Dead-rise changes    0° per heam forward of step 
2.7° - 
5.4° 
8.1° 

10.8° 

She forehody warping in each case was linear from 
step to forepoint in exactly the same manner as in 
the linear-dead-rise-variation model referred to 
above.  This resulted in having very low dead rise 
in the forward half of the forehody in most oases. 
The series was built to explore the effect of fore- 
body warping more systematically than in the first 
series. * 

Porpoising.  Increasing the warping of the forehody 
bottom very appreciably lowers the lower limit at 
high speeds but only slightly at speeds just.beyond 
the hump.• The upper limit is also lowered, but to a 
very much less extent.  Increasing the warping of the 
forehody lowers the free-to-trlm track at high speeds. 
These effects are similar to those found in the first 
series. 

It was found that the two models with a dead-rise 
ohange of 0° per beam and 2.7° per beam had noticea- 
ble tendencies toward diving at very high Bpeeds and 
low trim angles.  This is undoubtedly due to the bow 
sections having insufficient dead rise and is of lit- 
tle Interest here.   •   . .. 

j~w-&^*#Stf&&.v vs* ^>-^:m^-^-1te#U 
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Resistance.  Increasing the forebody warping in- 
creases the resistance, at both the hump and planing 
speeds. 

(3) Modification of fore'body length (fig. 26) 

2.83 times "beam at main step 
3.44 (normal) 
4.07 

The models in this group all used the same fore'body 
sections; the alteration consisted of applying a con- 
stant multiplier to the station spacing.  The sta- 
tions were shifted in or out parallel to a line tan- 
gent to the normal fore'body keel at the step.  The 
multipliers for station spacing were the same as for 
the modifications of afterbody length (group IIIA, 
ohart 3). 

In the planing range, the alterations in this group 
may he considered as constituting small ohanges in 
the warping of the fore'body. 

Porpoising.  Decreasing the fore'body length slightly 
lowers both the lover and upper limits.  With the 
shortest fore'body, the hull swamped at speeds below 
the hump; no difficulty was found at high speeds, 
however, when steps were taken to support the model 
while it passed over the hump. 

Resistance. Decreasing the fore'body length increases 
the hump resistance appreciably and the resistance at 
planing speeds slightly. 

If the alterations are considered as changes of fore- 
body warping near the step, then the trends in re- 
sistance and porpoising are the same as for the two 
preceding series. 

Group IIIH - Hull lorm (AP a Whole)(Chart 3) 

Drawings of modifications are shown in figure 33.  The 
manner in which the various modifications were car- 
ried out should be especially noted. 

(1) Modification of hull length (fig. 27) 
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5.07 tines beam At main step 
b.19        " (normal) 
7.32 

The hull lBttgth was altered "by Joining the- altered- 
length foreho^ies (group IIIF) to the similarly al- 
tered afterbodies (group III4.).  The stap height and 
the afterbody angle remained unaltered. 

Porpoising.  Increasing the hull length lowers the 
lower limit very slightly at low speeds and raises it 
slightly.at higher speads; the uuper limit is lowered 
very slightly.  The free-to-trim track in the region 
jUBt past the hump, where it is important, is virtu- 
ally unaltered. 

Resistance.  Increasing the hull length very appre- 
ciably reduces the hump resistance.  At planing 
speeds, the.resistance is very slightly reduced. 
These effects ».re consistent with those mentioned in 
reference 8. 

(2) Modification of hull dead rise (fig. 28) 

O.5 tdnes normal dead tie* at-each, station (10°  at   step) 
1.0 (20°       Hnormal) 
1.5. (30°        ) 

The hull dead rise was altered bv multiplying the 
deed rise at each station by the same constant.  The 
keel profile was unaltered, but the chines were 
changed as necessary.  The chine flnr°« wire in- 
creased in Proportion to the dead rise. 

Porpoising.  Increasing the hull dead rise raises 
the lower limit quite materially and lowers the up*>er 
limit somewhat.  The speeds at which both the UTroer 
and the lover limits start are progressively increased 
with increasing hull dead rise. 

In the vicinity of lU feet per second, model speed 
(about 55 mPn for tbe ship), the up-oer and lower 
limits almost come together wh»n the hull dead rise 
is 10 .  Thus it would be nearly impossible for such 
a hull to take off without passinr through a region 
of instability.  i/hen the de"d rise is 30°, there is 
only a small gap between the upper and low^r limits 
at sueeds near get-away. 

•^ ^-^g^^>>4^ -^-'t^,*^1^^^^^-^ ^'-^U^^^sVstu,^ >-:^^^g^S^rri-^~£V--^^^yj^v T----zv;--^-:— 
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Resistance.  Increasing the hull dead rise increases 
the resistance appreciably at all planing speeds. 
The true hump resistance is not greatly affected hut 
is least with 20° "hull dead rise.  .fith hoth 10° and 
30° dead rise, the afterbody chine flare pppsared in- 
sufficient to prevent considerable side and. tail-cone 
wetting at low spends and, thus, a large resistance 
peak "before the true hump.  Thes=* findings are in 
general agreement with those in reference 6. 

Spray.  Ho measurements were made of volume or height 
of the spray, "but increasing the hull dead rise ap- 
peared to lower the height of the spray and to make 
the hull much cleaner running. 

(3) Modification of longitudinal step pnsitibn (fig. 2°) 

5U1 inches aft of for «point (shifted 10.5 nercent "beam forward) 
55 g ((normal) 
578 (shifted  12. U percent be«m -aft) 

The net result is that of combining several of the 
modifications already considered.   'h<»n the step is 
moved forward, the forebody is shortened and its 
warping very slightly increased, the afterbody is 
lengthened, and the afterbody »ngle is in effect 
slightly reduced; also, the center of gravity is 
farther Bft relative to the step. 

This modification wia included mainly because shift- 
ing the step is a relatively simple change to carry 
out in full size. 

Porpoising.  Moving the m«in sten forward lowers the 
lower limit v»ry slightly at all spe°ds, as might b« 
expected from the slightly increased warning of the 
forebody bottom.  The upper limit is slrjcbtly lowered 
at all speeds, again as might be expected from the 
decreased equivalent afterbody angle. 
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Moving the main step forward has substantially the 
same effect on the moment curves as shifting the 
center of gravity aft by the same amount.  The shift 
of the moment curves is equal to the weight on the 
water times the distance the step is moved. 

Resistance.  Not investigated. 

(4) Modification of plan form of main step (fig. 30) 

45° swallow tall 
Transverse  (normal) 
46° V  . 

The plan form of the main step was altered without 
changing the keel lines of either the forebody or 
the afterbody.  The amount of planing area shifted 
aft of the normal transverse step was balanced by 
removing an equal area forward of the normal trans- 
verse step.  This left unaltered the "mean" trans- 
verse step and.step height. 

Porpoising.  In going from a swallow-tail step to a 
V-step, the position of the upper limit is raised 
appreciably and the intensity of the upper-limit 
porpoising, increased.  At moderate speeds the V-step 
lowers the lower limit, and the swallow tail raises 
it.  The situation is reversed at high speeds but 
the effects are not so marked. 

Resistance.  The plan form of the main step does not. 
T*A/ t"\$—   bave any appreciable influence on the true hump re- 

I 'V O 5*  X^ slstanog^j(referenoe 9 ),  The V-gtep, however, de- 
creases the height of the peak in the resistance 
curve before the true hump.  At high speeds, the V- 
step appear«* to have highest resistance and the swal- 
low tail the lowest resistance in the region in 
which the afterbody is wetted. 

C0MM2UTS OH THE TESTS 

In a broad sense, lower-limit porpoising and upper- 
limit porpoiBing are distinguished, beyond the difference 
in the general region of trim angles in whioh each oooura, 
by the differing charaoter of the porpoising motions. 
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Lower-limit porpoising is largely a phenomenon of the fore- 
body alone, while upper-limit porpoising depends upon "both 
the forebody and the afterbody and their relation to each 
other.  In lower-limit porpoising, the motion is smooth 
and regular and the afterbody is, in general, olear of the 
water.  In upper-limit porpoising, the motion is very ir- 
regular, though consistent in successive oycles in a given 
sage, and the hull appears to be thrown baok and forth, 
the forebody and afterbody alternately carrying the bulk 
of the water load; the motion tends to hare large ampli- 
tudes in heave and relatively small amplitudes in pitch. 

By referring to the chart in figure  5, whioh shows 
the graphical records of porpoiBing for the normal air- 
plane, it is apparent at onoe that the amplitude of lower- 
limit porpoising is relatively insensitive to ohanges to 
trim angle and damping rate at speeds near the hump but 
that it becomes increasingly sensitive to both as the 
speed inoreanes and is extremely sensitive at high speeds. 
This means, in effect, that from a praotical point of view 
lower-limit porpoising is'much more dangerous at high 
speeds than at low. 

Upper-limit porpoising starts at higher speeds than 
lower-limit porpoising.  It develops very suddenly as the 
trim angle exceeds that at whioh the afterbody takes an 
appreciable fraction of the load, though a large change 
of moment is ordinarily required to bring this about. 
The droop of the upper-limit curves with lnoreaee of speed 
appears to be oaused by progressive ohanges in the shape 
of the roach left by the forebody.  As opposed to lower- 
limit porpoising, the amplitude of upper-limit porpoising 
is ordinarily quite insensitive to ohanges of damping 
rate and to the speed; the motion is essentially violent 
at all times.  The speed range over which it ooours can 
often be slightly reduoed at its ends by increased tail 
damping; at speeds in the middle of the range, however, 
increasing the damping rate to 80 times normal quite fre- 
quently has little effect. 

A few speoial tests were made under the normal par- 
ticulars to explore the range in trim angle of upper- 
limit porpoising.  The indioation that upper-limit por- 
poising was encountered when, with increasing irlm  angle, 
the afterbody would have taken an appreciable.fraction of 
the total load if the motion had remained steady suggested 
that this type of porpoising might be eliminated and sta- 
bility reestablished if the bulk of the load were trans- 
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ferred to the afterbody.  This was found to "be the case. 
"Very  large stalling moments - far 'beyond any magnitudes 
possible in practice - v«^e required, as had "been antic- 
ipated, and the return -to stähle motion usually 'occurred 
only when the forehody came clear - the entire load then 
being supported by the afterbody.  What had not been an- 
ticipated 1B the fact that the trim angle under these con- 
ditions oan be less than that of the ordinary upper-limit 
curve. 

CONCLUSIONS 

Group I - Weight and Inertia Loadings 

1. Increasing the gross load raises the trim angles 
at which both the upper end lower limits of stability oc- 
cur and delays their starting to higher speeds. 

2. Neither moment of inertia in pitch nor the center- 
of-gravity position has any appreciable influence on the 
limits of stability, though the latter haB a pronounced 
effect on the moments and thus on the available trim range. 

Group II - Aerodynamic Conditions 

1. The actual lift at arbitrary trim  Z0  and the 
rate of change of lift with trim  Zg  are the only aero- 

dynamic variables which influence the position of both 
limits.  It will be noted that these two variables, in 
contradistinction to any other aerodynamic variables, af- 
fect the net load on the water in steady motion. 

2. The aerodynamic pitch damping rate  M-  has a 
large effect on the lower limit of stability at high 
speeds, but its effect decreases as the damping is in- 
creased and Is much less at damping rates near normal 
than at lower damping rates.  The damping rate has prac- 
tically no effeot on the upper limit of stability. 

3. None of the other aerodynamic derivatives has 
appreciable effects on either stability limit. 
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Group IIIA - Afterbody Fora 

1. Modifioati one .which, raise the stern poet have 
the following general effects •' 

(a) To raise the upper limit and,- if carried 
far enough, to suppress upper-limit porpoising at 
high speeds 

(t>) To raise the lower limit in the vicinity 
of the hump 

(c) To raise the free-to-trim traok in the 
violnity of the hump and the hump resistance 

They do not affeot the lower limit at high speeds. 

2. High-speed upper-limit porpoising was suppressed 
in the present test* by increasing the step height, "by 
ventilating the step, or by removing the afterbody chine 
flare.  This point needs further investigation. 

Group IIIF - Forebody Form 

1.  Modifications which increase the warping of the 
forebody bottom lower the lover limit of stability very 
appreciably and the upper limit very slightly. 

Group IIIH - Hull Form (As a Whole) 

1. Increasing the hull dead rise' raises the lower 
limit appreciably and lowers the upper limit moderately* 

2. The step position has very little influenoe on 
the stability limits, its chief effect being to shift the 
moment curves, as in the case of a eenter-of-gravity shift. 

3. Ohanges of hull length have the combined effects 
of independent changes of forebody and afterbody length. 

4.' A swallow-tail step has less intense high-speed 
upper-limit porpoising than a normal transverse step, but 
the usual step has on the whole better stability charac- 
teristics than either the V- or swallow-tail steps. 

Experimental Towing Tank, 
Stevens Institute of Technology, 

Hoboken, H. J. 
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TA-RT.TB   I 

DIMENSIOJTS AMD PAffiDIOULABS (NORMAL) PCfR TOLL-SIZE 

FLYIMG- BOAT XPB2M-1 AHD ^j-SCALE MODEL 

Dimensions Jull size    l/lO-soale model 

Beam at main step,   in  1Ö2 5**10 
aAngle between forebody keel and 

'base line,  deg  2.0 2.0 
Angle "between afterbody keel and 

base line,  deg       -. 5*0 5*0 
Height of main Btep at keel, in  S.l 0.27 
Center of gravity forward of main 

step (26.58 percent M.A.C.), in .... 70 2.33 
Center of gravity above base line, in  . . 146.7 4.89 

GroBB weight, A, lb lUO.000 5.19 f.w. 
Load coefficient,  C^ (sea water) ....  0.89 

Moment of inertia in pitch, slug-fta . I.366 X 106 

lb-ins . . 6.32S X 109     260 

Wing span, ft 200 6.67 
Wing area,  S,  so. ft 3SS3 U.O92 
Mean aerodynamic chord, M.A.C., in ... . 249 8.30 
Aspect ratio (geometric)    10.37 10.87 

Horizontal tail area, sq. ft  508 O.565 
Elevator area, sa ft  14-3.7 O.16O 
Distance e.g. to 35 percent M.A.C. 

horizontal tail (tail length), ft ...  63.6 2.12 

Thrust line above base line at 
main step, in 23O.3        7.68 

Thrust line inclined upward to 
base line, deg     5*5        5*5 

Hatios ***??• Model 
Va 

Of velocities, X     5-^77 
• Of linear dimensions, X  . 3.0 X 10 
Of areas, *B  9.0 X 10^ 
Of volumes,  X*  27.0 x 10* 
Of moments,  X*  81.0 X 10* 
Of moments of inertia, Xs    24-3.0 x 10 

aSee footnote on p.40. 
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TABTJB I 

DIMOTSIOMB AHD PARTICULARS (iTOHMAl) 3T0B FELL-SIZE PLYING 

BOAT XPB2M-1 A1TD i-SCALE MOEEL (Continued) 

Aerodynamic char act er is tics Jull elze    l/^O-scale model 

Gj,    at    T = 5° (relative to "base line, 
flaps,  30°)         1-585 1-585 

L    at    T = 5°  6.95 v°(c) 7-72 X 1Ö-3 v8 

dCj/dT  0.1045 0.1045 

dL/dT (dZ/d0)t  lb/deg        0.458 V    0*5°9 x 10~3 v* 

dL/dw (dZ/dw),  lb-eec/ft (jp ^ .... 0.458 vB      O.509  X 10 

dOw    /dcfcL = dC^    /dT (av.)         0.0150 0.0150 
^JG CG 

dM   /dT (dM/de),  lb ft/deg (ay.)    .   .   .        I.365 vf     5.05 X 10"5 va 

bdM/dq,   lb ft sec/radian 8020 X vfl 9-90 X 10~3 v 

dM/dw,  lb sec (av.)   .   . •       7a.3 X vfl      2.°0 X 10"3 v 

^i ,  ft/radian       102.5 3-4l 
dM/dw 

'"v'1 /Tail length, l/radian    1.6l        1.6l 
dM/dw 

Get-away speed,  fpB 130 23.74 

Get-away    C^         1.890 1.890 

Get-away   T,     deg         S.g 8.8 

.All trim angles measured relative to the base line. 
Contribution of horizontal tail surface only. 

CSubscript    s    i3 for full size. 
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RADIATING CHART OF VARIABLES 
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XPB2M-I 
LINE OF PARENT FORM 

Station Numbers are Inches Aft of Forepoint on Full Size. 

Fig. 2 
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PORPOISINO CHARACTERISTICS 
MODEL NO.339-1 

XPKH-I 
 MODEL ScALE-i 

AT 140000 LBS. 
ife-uMxia'suiarT.1 

C(_       -L565 
^    f70jOINS.FWD.OF MAIN STEP 
|C-e-1 IM.7 INS. ABOVE BX. 

NORMAL SHIP 

EXPERIMENTAL T0WIN8 TANK 
STEVENS INSTITUTE OF TECHNOLOSY 

H0B0KEN,N.J.          

,a*7i ans ana.        .OJU ain an». 

u a to 
MODEL SPEED, FT. PER SEC. 

Figure  5.   -   Stability    limits   and   free-to-trlm   track   for   the   parent   model,    showing   the 
graphical    records  of   the   porpoising   cycles. 
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EXPERIMENTAL TOWIN« TANK 
STEVENS INSTITUTE OF TECHNOLOSY 

HOBOKEN, N.J.  

XPB2NH» 
A0= 140,000 LBS. 

WING LIFT RATE 
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EXPERIMENTAL TOWNM TANK 
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NACA Fig. 31 

SCHEMATIC SKETCHES SHOWING 
ARRANGEMENT OF APPARATUS FOR VARIOUS 

TYPES OF DAMPING 

CARRIAGE 

FOR TAIL DAMPING DERIVATIVE Mq ONLY 
SEEPAGE    20 

CARRIAGE 

FOR TAIL DAMPING Mq AND VERTICAL VELOCITY DAMPING Zw 

SEE PAGE     20 

CARRIAGE 

,Mq,MwAMD Zq 

FOR TAIL DAMPING Mq, AND THE AERODYNAMIC MOMENTS 

AND FORCES ATTRIBUTABLE TO Mw AND Zq 

Fis. 31 SEEPAGE    22 
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A comprehensive view of factors influencing porpoising and their relative importance 
is given.   Experimental results are summarized in a series of 25 figures, each of which 
gives complete data for all modifications of one variable.   Stability limits and alteration 
of fore- and after-bodies are discussed.   None of the modifications considered were 
successful in eliminating either upper or lower limit porpoising, and, generally, those 
that did tend to Improve had a tendency to Injure resistance characteristics. 
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